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OBJECTIVE 

The objectives of this research are to develop experimental techniques 

for the study of rail vehicle dynamics through the use of scaled models on 

tangent track, and to develop a structured experimental data base on the 

characteristics of rail car trucks. The complex interactions between track, 

wheels, suspensions, and vehicles are the causes of derailments, rapid 

deterioration of vehicle and track components, poor passenger and freight 

ride quality, and low operating speeds. These problems are significant 

because of the massive capital expenditures presently required for equipment 

rehabilitation to restore efficient and reliable operation. The establish- 

ment of a larger and more systematically structured experimental data base 

than that feasible from full-scale testing will enable the validation of 

analytical tools useful in design and evaluation of alternative technologies 

and safety criteria. 

The experimental program consists of static and dynamic measurements 

of rail vehicle trucks at scaled speeds of up to 200 mph. Dynamic simili- 

tude in the one-fifth scale model (approximately twelve-inch gauge) is 

achieved by substituting a material with low elastic modulus for steel at 

the wheel/rail contact surfaces. Complex nonlinear dynamic phenomena, such 

as truck hunting, limit cycle oscillations, and incipient derailment, will 

be examined in controlled tests, and compared with results from theoretically 

derived simulation models and evidence from experiments on full-scale 

vehicles. 
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SUMMARY 

The scope of work during the first year of the program (June 29, 1976- 

June 28, 1977) includes: (1) the design and fabrication of a scale model 

track, single wheelset, test carriage, and associated instrumentation; (2) 

measurement of wheelset displacement-force characteristics at steady 

velocity; (3) measurement of wheel-climb phenomenon; and (4) comparison of 

measured results with theoretical predictions. The results of this work 

will be applied to the design of a complete scale model truck and measure- 

ment of its static and dynamic stability characteristics. 

The following activities have been completed during the first quarter 

of the program year: 

a) Design study of similitude parameters to determine model scale to 

be used over the course of the program. The selected track gauge 

is 12 inches, or a geometric scale factor of^A ~ 0.2. 

b) Experimental measurement of lateral and tangential creep charac- 

teristics of LEXAN wheels and rails using a roller rig. LEXAN 

has been selected as a substitute for steel to achieve dynamic 

similitude in the critical creep forces. Comparisons of test 

data with theoretical models shows that LEXAN exactly reproduces 

creep forces in model scale. 

c) Design of the track support structure and rail system. Static 

and dynamic deflections were analyzed in detail; the stiffness, 

cost of fabrication, and availability of standard section shapes 

were included in a tradeoff analysis. Construction of the track 

structure has been initiated. 
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c) Design of wheelset carriage, linkage, and instrumentation systems. 

Various experimental configurations were investigated considering 

rail, wheelset, and contact plane coordinate systems, optional 

locations for force application, and allowed degrees-of-freedom. 

The investigation resulted in selection of applied and measured 

variables, and led to the development of the computational struc- 

ture for our theoretical model. We are now conducting a simulated 

experiment "on-paper" to determine the full range of experimental 

variables. The results of the simulated experiment will be used 

to design instrumentation and to select experimental conditions 

for tests on the tangent track. 

e) Directory listing of potential users of the research results. A 

list of 29 potential users in the railroad technical community 

has been submitted to DOT for comment or addition. Formal contact 

has been established with 14 professionals in the field on a 

quarterly basis; useful correspondance in the form of technical 

reports or informal comments have been received from eight indi- 

viduals to date. 

A detailed description of Items a) through e) follows below. Also 

included are a work plan, assignment of personnel activities, and outline 

of activities for the second quarter of the program. 

- — -•-* - - -- • 
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CALCULATION OF SCALE FACTORS FOR DYNAMICALLY SIMILAR 

RAIL VEHICLE TRUCK MODELS 

All scaling laws are defined by defining scale factors for length (X), 

mass (X_)i and time (Ay); therefore: 

Xv = X XT"  (velocity) (la) 

XF = X XmXT"
2 (force) (lb) 

Xr,  = X Xj   (spring constant) (lc) 

-1   -2 Xr = X X X-j-   (elastic modulus or stress) (Id) 

The selection of scale factors X, X , and XT for the Princeton experi- 

ments is governed by the following considerations: 

a) Goal of simulating truck dynamics up to scaled speeds of 330 kn/hr 

(200 mph). 

b) Limitation of Princeton Dynamic Model Track to operating speeds of 

12.2 m/sec(40 feet/sec). 

c) Properties of materials suitable for fabrication of truck components. 

Scaling the Creep Coefficient: 

1/3 2/3 2/3 The creep coefficient f can be shown to be proportional to G ' N ' r  , 

where G, II, and r are the material shear modulus, applied normal force, and 

wheel/rail geometry parameter, respectively [1,4]. If the model is dynamically 

scaled, then 

f        «1/¥/3r2/3 ,„ 
fo " G0

1/3N0
Z/3r 2/3 • 

0    0    0 

_ , 1/3, 2/3,2/3 

^—^.^^<M>M^>^|[M>M^a|>Mi|Mi|M^|—fd—fc—fc—'ii     •    •    •   "     »    '••<•<•    •    I       '     •'•' 



• 

• U"VT"2>1/3<* VT'2)2/3^2/3 
•' • 

= x VT~2 
• 

* 

= XF 
*mi 

Equation (2) requires a scaling of shear modulus by A-, as was recog- 

nized in [7]. For two materials of equal Poisson's ratio v, the scale 

factors for shear modulus and Young's modulus are equal. 

Scaling the Wheel Loading: 

Consider full-scale and model trucks shown in Figure 1. The applied 

load N in full-scale is one-half the vehicle body weight plus body dynamic 

loading; the applied load N in the model experiment is a free variable to 

be set equal to the scaled value of FT . The total load carried by the 

wheels is then, 

N0 = m0 g + N0 (full-scale) (3) 

N = m 3 + N    (model) (4) 

Defining dimensionless force ratios, 

we can enforce wheel  load similitude as, 

X    8N    .X±JiL (6, 
0    % + V 

which leads  to 

2 (1 + "o^ XT = [x ri~nvT] 
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H • C* H^V/2 (7, or 
0 

Equation (7) establishes the velocity scale law as a function of model 

geometric scale X and applied load ratio n,  since the full-scale applied 

load ratio n    is specified by the vehicle being modeled. 

Scaling the Truck Mass: 

The truck mass M is determined by the model material  density p and the 

force scaling law, 

K E M3 (8) m       p v  ' 

X -"> 

Using (6) establishes, 

XF = XßX' = XmX XT (9) 

2  (1 + no> Vm = h X   TTTUr (10) 

Determination of Model  Design Parameters: 

The scaling is determined by the selection of model size, wheel and 

rail material, and applied force ratio.    For a double bolster truck of 

British Railways [9],  the following load parameters were determined, 

m g = 13,163 lbs. 

NQ =  31,380 lbs. 

N0 = 44,543 lbs. 

nQ = 2.384 

Applying Equation (7) yields  the plots  in Figure 2 of model   load 

ratio n for various maximurn full-scale velocities and model  sizes.    Models 

-        — 
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in range 0.1 < X < 0.25 are of greatest practical interest, indicating the 

necessity of "off-loading" the model; this is readily accomplished by 

applying a pre-tension in the secondary suspension springs placed between 

the truck and idler carriage. 

A polycarbonate resin LEXAN 141, manufactured by General Electric Co., 

has been selected for fabrication of the wheel treads and rails. For the 

above model, 

x   =!LEXAI=0012 
G    GSTEEL 

From (8) and (10), 

V^<w> <"J 
The truck model density can be made different from that of LEXAN by fabri- 

cating the truck frame, wheelset axles, wheel hubs, etc., out of any material 

For A • 0.2, aluminum is a convenient choice. 

Applying the selected scale factors to the truck in [9] yields plots in 

Figures 3-5 of truck weight mg, applied load N, and total load N for various 

values of X and V   . We have selected a track gauge of 12 inches, or a 
max 

scale factor of X - 0.2, for our experiments. The particular scaled speed 

and applied model loads used will be dependent on the truck configuration 

tested; for example, 

V   = 200 mph 
max 
mg = 68.0 lbs. 

Ü =  -46.5 lbs. 

II = 21.5 lbs. 
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ROLLER RIG 

MEASUREMENT OF LONGITUDINAL AND LATERAL CREEP FORCES 

BETWEEN LEXAU WHEELS AND RAILS 

Objective: 

Theoretical studies relating the forces generated in the contact plane 

to the applied normal force and relative slip have shown a functional  depen- 

dence of the creep phenomenon on the properties of the materials in contact. 

Specifically, the material shear modulus G or elastic modulus E,  Poisson's 

ratio v, and coefficient of sliding friction y are necessary to define the 

creep formula [l]. 

The objective of the roller rig tests was to establish the validity of 

using LEXAN to reproduce dynamically scaled wheel/rail creep forces.    LEXAN 

was selected because of its modulus ratio with respect to steel, excellent 

machinability, toughness, and dimensional  stability, and high coefficient 

of sliding friction (in comparison with many other polymer materials).   A 

summary of relevant mechanical  properties is given in Table 1. 

Description of Experiments: 

The apparatus used to measure lateral creep is shown in Figure 6. 

The rail, whose radius is approximately five times larger than the radius 

of the small wheel,  is driven by a General Motors Delco-Remy generator 

functioning as a motor.    The two wheels are kept in contact with each other 

by means of a counter-weight on  the small wheel. 

•   •• • 
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Wheel and rail translational velocities are determined by measurement 

of rotational periods of wheel and rail. The device used involved actuation 

of two Monsanto MCA7 reflective object sensors by single strips of aluminum 

ounted near the outer edge of each wheel. The intensified signals 

drive independent circuits and counters. The velocity of the rail was 

controlled by varying the voltage to the generator. 

The small wheel is mounted on a wheel fork that allows the relative 

angle between the two wiieel surfaces to be manipulated accurately by means 

of two screws mounted on either side of a handle attached to the base of 

the fork. By turning the screws which push the handle, the fork can turn 

on its bearings, which are mounted in the base of the movable arm (which has 

bearings of its own). Readings are taken with a dial calibrated in inter- 

vals of 0.03° of angle between the two wheels. The lateral force was measured 

by strain gages mounted on the "neck" of the wheel fork. Lateral creep is 

calculated from the wheel velocities and relative angle. 

The tangential creep experiment was conducted on a similar apparatus, 

shown in Figure 7, To produce a relative tangential velocity both wheels 

were driven by electric motors with the wheel axles parallel. The motor 

driving the larger wheel was mounted in bearings and restrained by a strain 

gage load cell. The load measurement was then proportional to the desired 

tangential creep force. The velocity measurement, normal force application, 

and experimental procedure were similar to those used in the lateral creep 

measurements. 

^^^^^^y^^^^^ 
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Experimental  Results: 

Plots of lateral  creep forces versus relative velocity are shown in 

Figure 8.    For each normal  force the curves are plotted using the value for 

coefficient of sliding friction u as measured at the associated full slip 

condition.    We observed a slight decrease in u with increasing normal force 

from 0.52 to 0.46.    The magnitude of this trend is consistent with results 

reported in [2,  3,  5,  8]. 

The plotted data for lateral creep are quite repeatable if the wheels 

are cleaned with methanol  prior to test.    We observed a decrease in u to less 

than 0.1  and a tenfold increase in slip when the wheels were allowed to 

accumulate oil, dust, and other contaminants.    The magnitude of the contami- 

nation effects are also similar to those reported in [2, 5, 8]. 

The good correlation of experimental data with the theory of Vermeulen 

and Johnson  [1] is equivalent to that typically obtained in careful  steel 

wheel/steel  rail  experiments [1, 2,  3,  5].    The mis difference between theory 

and experimental  data is 6.6« of full  scale, with measurement error band of 

±4.4%.    During the next quarter we plan to replace the Vermeulen and Johnson 

theoretical  model with Kalker's creep coefficients, recomputed for a Poisson's 

ratio of v = 0.5. 

We have encountered problems  in obtaining repeatable data in the tangen- 

tial  creep experiments.    The motors have non-linear characteristics, and the 

resistors  used in the manually-controlled motor control  circuits change 

resistance over time.    Consequently it has proven difficult to control both 

motors simultaneously to maintain constant rail  speed under the desired 

force and creep conditions.    We may need to use velocity feedback control  on 

the motors  to perform the experiment satisfactorily. 

dtM^i 
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Wear: 

No significant wear was observed after several hours of operation with 

the roller rig. We anticipate tangent track wear to be minimal due to the 

distribution of load exposure over the track length. Wheel wear will be 

monitored using contact impression tape, as developed in [3]. 

Conclusion: 

The results to date indicate that LEXAN is a suitable material for 

wheel/rail experiments, in that scaled creep forces are accurately repro- 

duced. As is the case with any wheel/rail experiment the surface contamina- 

tion is important, and thus will require regular cleaning prior to each 

experiment. 
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TypicaJ Properties cf LEXAl^ Resins 

Table 1 

PSOFERTY 

PHYSICAL 

Specific Gravity 
Specific Volume, in.Vlb. 
Vi'ciglit/vcii.'ii'.c, ibs./in.' 
Water Ahsoiption. % 

24 hrs. C-^ 73°F 
.      Equilibrium, 73T 

E<;uilibriucn, 212°F 

..'old Shrinkage, in./in. 

Transmiitancc. % (Natural) 
Ha:e. % (.Natural) 

A ".IM 
1L! V.W1IOO 

D7Q2 

101, III. 121  .        ?,H4 

D570 

DD55 
D1Ö03 

O1003 

THESV.AL 

Heat Deflection Temperature, °F    ;    D648 
At 65 psi « j 

At 264 psi 
Specific Heat. btu/!b./°F j     - 
Thermal Conductivity, 

btu/hr./;t.V°F/i.i. j    - 
Coefficient of Thermal Expansion,   j 

in./in./°F i    D695 
Vicat Softening Temperature, °F D1525 
Brittleness Temperature, °F D745 
fiarr.rr.abi!ity '      ! 

AST» DG35 i    D535 
UL Subject 54 I     ULM 
Oxygen Index D2S63 

ELECTRICAL | 

Dielectric Strength, voits/mil i     D149 
Short time, 125 mils i 

Dielectric Constant i    D150 
60H 
10«r! 

Po,-.er Factor I     D1LÖ 
6ÖH j 
10'il 

Vol-jrr.a festivity, chm-em. j     D15C 
(? 7i°F. cry j 

Arc Resistance, sec. D495 
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SE11 

25.0 

330 

3.17 
2.96 

0.0003 

0.010 

8.2x10" 

10-1: 
123 

1.24 
22.3 

0.045 

it. M 

II »AN 
I'Jl 

1.19 
23.3 

0.043 

0.10 
0.37 
0.54 

vim 
•jut 

1.25 
22.2 

0 045 

0.12 
0.31 

1 

ii »AH 
ts 

1.20 
23.1 

0.043 

0.1b 

0.35 

0.53 

If/Ml ir »»•. 
Mil '.'.'. 

0X05-0.007 0.C05-0.CD7 O.C02-0.004 0.005-0.007 O.OO2-Ö.C03 0 

1.35 1.52 
20.5 112 

0.C43 G.G05 

0.!G 0.12 
0.29 tei 

02-O.C03 r. fJM   * ' ' '/ 

87-23 
1-2 

I 89 

1-2 

230 

270 

1.35 

280 295 220 300 310 
260 223 270 205 205 

- - 0.30 - - 

" 
1.41 1.35 1.47 1 rs 

1. J-/ 

3.75xiös '  3.6 xlO'5 i 1.79 xlO'5. 3.75 xlO"5     1.45 xlO"5 "0.03»10« 
! 310-320 

. <—2Go ; 

SE 

SEI 

29.5 

320 

%3.17 
2.96 

0.CC09 
0.012 

Burns 
23.2 

415 

3.0 

0.0009 
0X091 

SE 
SE0 
32.5 

450 

3.10 
3.05 

0.000S 

0.0075 

SE- 
SE1I 
25.0 

SE 
«- i 

20.5 

C7 

330 

3.17 
2.95 

0.0039 
0.010 

493 

3.17 
3.13 

0.0003 

OC072 

8.2xlO'4 '   2.5x10" !   5.6x10" ;    Sx 10"      4.G*!3:1 

10-11 10-11 
120 

I 
120 

J 

:s-oc?45 ln./tn, f#f parti 0*18 16* In lon;tn; 0,C3JV0.c:i5 In./ln. tot p.-.r.s [v-icr Dun tS* in urjn 

40 

•    •    •   - 
-      ----- 



•      »••-«•«•l-J-'l      !•»• »'••••!   '-•••!'•    ,» - —   •- :— —i   . • • -—'—"—- - - - T 

V 

PROPERTY 

KKHAKIGU 

Tensile St:cng,th, psi 

Yield 
Ullimate 

Elongation, % 

-.. Yield 

Rupture 

Tensile Modulus, psi x 10s 

Flexural Strength, psi 

Flcxua! "odulus, psi x 10' 

Comprcssive Strength, psi 

Gofflpressive Modulus, psi x 10s 

Shear Strength, psi 

Yield 

Ultimate 

Shear l.'.oiuks, psixlO1 

Izod impact Strength, 

ft. ibs./ir, 

Notched, '/s" thick 
Unmatched. %* thick 

Tensile Impact Strength, • 
ft. Ibs./ir,.' 

»MM IfXAN 
USll.UillOD      101.141.121 

irx.-.n UXAN ItXAN irtr.n ll/A-l ll/"l 
20U 131 soo IS S1I2 ni'. 

c 

D638 

0638 

D633 

D790 

D7S0 

DG95 

D605 

D732 

D255 

01822 

9,000 

9,500 

6-8 

110 

3.45 

13,500 

3.40 

12,500 

3.« 

6.C00 

10,000 

1.14 

12-16 

NF* 

Slype 1 300 
MB« ; . 650 

Failing Dart Impact Strength, 
! 

ft. lbs, W thick 
j 

>125 

Fatigue Strength, psi @ 2.5 mm 
1 

cycles i     DG71 
1 

1,030 

Rockwell Hardness !     D7S5 

M 1 
70 

R i 113 

OebtMot«wiUnd.ifloai% 1     CG21 

<C00 psi $ 73°f i 0.2 
<CC0p;i.ß 15i°f i 0.3 

b&erA&mtai rcti-;.-..-.«, 

mg. y.-;;g'..{i..;/:;:0 cycles MOW 10 

3.45 

13,500 

3.45 

12,500 

3.45 

6.0CO 
10,500 

12 

KF 

225 

600 

•1,000 

74 

m 

0,?'i 

0.5 

3.39 

11.SC0 

3.10 

10,000 

3.34 

8,500 

14 

200 

650 

9.0C0 8,500 9,000 9.0C0 

9,500 9,200 8,000 9,500 

6-8 
1 
'     6-8 8-9 6-8 

110 115 10-20 •   110 

4.50 

15,000 

5.0 

14,000 

5.20 

3.45 

13,500 

3/0 
12.500 

• 3.45 

40 300 

650 

16,000       23,0:0 

4-6 

8.60 

19,000 

3.0 
le.ccQ 

7.60 

30 

30 

>125 >i25 >123 >I25 2.5-5 

6S 
118 

85     70 
124 118 

9! 
122 

20 11 

.1  !._ 

J-3 

i - *• ^ 

27.::o 

14 o 
21.CU 

8,500 6,000 10,000 I1JK3 
- 10,000 - - 

1.47 1.14 2.03 \ l<5 •j • 3 

4-6 12-16 2.0 2.5 
20-40 NF» 19 24 

35 
35 

;-D 

1,000 •  3,500 1  1,000  : 5,000  ; .7.CC3 

; 15 

I j I 

O.n 0.1     0.2     004    0.02 
! • -    ;    o.3       o.io   I   0.05 

10  ,  17  ;  32 
i 

-• 

*itrit*r<ii«rj 

47 

^m^m^—m+m i f - - - - - - - - 



i.i  l.l mm*mrmym*m*mi^^^^^^-^^^^^^^^-^^^r^^^^^^*'l 'V •« ,' • .' -• ß   9   •'.•)• 

GUIDEWAY DESIGN 

Design Approach: 

A significant effort has been devoted to the design of the guideway 

structure and rails, since this investment will literally be the founda- 

tion of several years of research.  We desire a straight, smooth, and 

inflexible rail to isolate the truck dynamics for study.  To this end 

the following design guidelines were used: 

a) Due to floor settlement, temperature gradients, relaxation of 

internal stresses in large section members, and other uncertain- 

ties, the guideway will consist of adjustable members, rather 

than trying to achieve tolerance goals on a single, fixed member. 

However, the presence of adjustment points may increase the 

probability of misalignment occuring over time. 

b) The static deformations under point loads (truck) and distri- 

buted loads (guideway weight) should be within the overall 

design tolerance.  We have had to confront a direct tradeoff 

in section stiffness with manufacturing tolerance.  In all 

cases the expected rolling or extruding mill tolerances had been 

determined and accounted for in the design.  The calculated 

deflections that follow are conservative, assuming no transfer 

of shear stress across friction or bolted joints.  Beams distri- 

buted in the longitudinal direction (semi-continuous, 3 span) 

were assumed to have 5/4 the deflections of simply supported 

beams.  Reams distributed in three dimensions (rail retaining 

- - - - . -i — 
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angles, for example) were assumed to have a stiffness equivalent 

to a beam section with length equal to twice the beam height. 

c) Dynamic interaction between model and track is not permitted. 

To the end transit time ratios (pier crossing time to period of 

guideway fundamental frequency) of greater than 1.0 are required. 

d) Standard sections are to be used whenever possible, to minimize 

cost and delivery time. 

e) Thermal expansion is considered.  The only significant design 

problem we have encountered with Lexan is that, in scale, it 

expands 30 times more than steel (x 6 in expansion coefficient). 

IVe are investigating several options to prevent large gaps at 

rail joints, such as maintaining the rails at constant tempera- 

ture along the test section, and using expansion joints along 

acceleration and deceleration sections.  Thermal buckling has 

been considered for the worst case of maximum AT and temperature 

control failure. 

f) The selection of bolt locations and spacing is critical to the 

cost of construction and alignment.  l\'c are currently developing 

a model following [10], to convert alignment tolerances into rail 

spectra. We are also looking at ways of quickly surveying me 

overall track profile, such as a California profilometer, to 

eliminate the need to perform periodic transit surveys. 

-•-•-•-•••     - -- - -^-- »~i.» .-. 
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The structure design is shown in Figure 9.  Symbols used are AISC 

(American Institute of Steel Construction) and CRS (cold-rolled steel). 

The status of the guideway construction phase is summarized below: 

Price   Price 
Element Designed Requested Quoted Ordered  Delivered  Installed 

Steel Channel     X       X      X      X       X 
S Plate 

Aluminum XXX 
Extrusion 

Lexan X       X 
Extrusion 

Guideway XXX 
Studs 

Laser Transit    N.A.      X 

Static Deflection Analysis: 

The static deflections were estimated assuming a worst case of 100 lbs. 

vertical load (maximum carriage + truck weight) and 100 lbs. lateral load 

applied dynamically on one rail.  Tne structure is redundant; however in 

design we assumed zero load carried in shear by bolted joints.  Under normal 

conditions (vertical load = 100 lbs., lateral load = 25 lbs.) we anticipate 

deflections of the order of 0.0025", which is within our design goal.  The 

calculations are summarized in Table 2. 

Deflections of the actual structure will be measured after the first 

sections are completed to determine the neeo for added stiffness. 

Dynamic Deflections of Structure: 

The dynamic interaction between vehicle and guidoway is determined from 

the transit time ratio 111], 

*-' *— • -  -----  - •• - •  -         •     _——. . •••  i,  ., ..:..-. ±-,l., -• a- -. ; ,J.-,J : • »• »••»•••,»- 
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where 

transit  2V1 / pa 

V = vehicle velocity 

1 = span length 

_3 
p = mass density [slugs in.  ] 

a = guideway cross-sectional area 

For our guideway, 

T - JL_  /y Ml - A    7A 
'transit  2V1 / A pa " 4,/0 

For T • 4.76, the maximum dynamic deflection of the guideway is about 1.2 

times the maximum static, i.e. 

A,      = 1.2 A    • 0.0029 in. 
dyn stat    

' max 

Bolt Spacing on Lexan: 

The following analysis was used to determine the appropriate bolt- 

spacing such that no buckling of the rails would occur during thermal 

transients at the track.  According to Euler, 

2 
TT El 

cr 

There fore the critical bolt spacings for a given temperature change are: 

•:. 

A6 [°F]    10 20 30    40 50 60 70 80 

L  [in] cr L J 59 41    34    29    26    24    22 21 

A bolt-spacing of 20 inches has been chosen for safety 

'- - • - -• —   IM^H - - -  - 
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Bolt-Spacing for Aluminum Channel: 

Similarly, for aluminum bolted to steel, 

A9 [°F]    10    20    30    40    50    60    70    80 

Lcr [in]    91    64    52    45    41 .   37    34    32 

A bolt-spacing of 2 feet has been chosen. 

Alignment: 

Vertical alignment is achieved by adjusting the vertical floor studs. 

Lateral alignment and gauge are set by moving the aluminum sections along 

the CRS plate.  We are currently developing our alignment systems, which 

will consist of: 

a) Selection of adjustment points and tolerances using statistical 

models developed in [10]. 

b) Selection of primary alignment instrumentation, possibly a laser 

transit with ± 0.0025 accuracy over 300 feet. 

c) Design of secondary instrumentation, such as a profilometer, to 

periodically check the track irregularity without tedious point- 

by-point measurements. 
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DESIGN OF THE EXPERIMENT: 

CO-ORDINATE SYSTEMS 

Summary: 

The use of wheelset, rail, and contact patch oriented coordinate 

systems is discussed, in terms of the impacts on experimental design and 

data reduction procedures. 

Axis Systems: 

Three axis systems are used in this experiment: the wheelset axes, 

the rail axes and the contact axes. They are based on the axis systems 

given in A Reexamination of the Derailment Properties of a Railway Wheelset., 

by Gilchrist and Brickie [6]. 

All forces and moments are applied t_o the wheelset and are positive 

in the positive axis directions. Moments are given from the forces by 

using the right hand rule. 

Wheelset Axes  superscript: 

axes: x , y~, z~ 

forces: P ~. F ", F X   '      y   '       z 

moments: M ~, M ". M 
x '  y   z 

Rail Axes  superscript:  + 

+  +  + 
axes:  x , y , z 

+     ^    + 
forces:  F  , F , F 

x   y   z 
•   +   + 

moments: M , M  , M 
x   y   z 

When no superscript is used the expression refers to either of the above 

axis systems. 

-•-"-'-- - - - - - ----- -.-.- - . - --i^.^i. 
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Contact Axes  subscripts:  1 , 2, 3 

axes: c^ Cj, c3 

forces: Fj, F2, F, 

The subscripts Z and r refer to the left and right wheels when viewed in 

the 0" x" direction. 

ti 

The origins and z axes of the wheelset and rail axes coincide (0+ z+ = 

0 z ), and the wheelset axes are given from the rail axes by a rotation 

\f) as shown below: 

Rail to Khcelset 

cos i> sin I|J 0 

-sin I{J COS  l}l 0 

0 0 1 

r +^ 
X x" 

+ 
y = y" 

+ 
z~ _ 

lIlMll II . - i -  - - - * - I r ' - • i 
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Wheelset to Rail 

cos ip -sin ip 0 

sin ip cos ip 0 

0 0 1 

r -l   r +i x    x 

+ 
y = y 

+ 
z    I z 

The transformation from rail to contact axes is also a rotation. There 

are two sets of contact axes: one for the left wheel and one for the 

right. c1 is parallel to the track and tangent to the contact patch. 

c2 is tangent to the patch and perpendicular to c . c is normal to the 

contact patch. The relationship between the contact and rail axes is 

shown in the diagram: 

® 

•3 *+ 

The transformations are as follows: 

Rail to contact 

C,® 

1       0        0 

0    cos a    -sin a 

0     sin a     cos a 

"  +1 x 
"cl" 

+ 
y = C2 

+ 
z 

*C3- 

. • • _» A_* . > — -   -   -       -- -   - -----   -  ~   -'---- 
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Contact to Rail 

1 0 

0 cos a 

0 -sin a 

0 [cl] 
r +T 
X 

sin a C2 = 
+ 

y 

cos a -C3- 
+ 

z 

These transformations can be used for both wheel's if we define a >0 and 
r 

a <0. To get from ail or wheelset axes to constant axes there is also a 

translation involved which is not fixed but moves with the constant 

points. 

Experimental Design; 

The purpose of the following analysis is to determine which of the 

three axis systems is most suitable for data analysis and which is best 

for force application.  The previous transformations are used to change 

from one system to the others.  The criterion for selection is simplicity 

of the resulting equations and ease of implementation. 

The experiment consists of a railway with a carriage serving as an 

inertial reference and measuring device. A single wheelset is mounted on 

the carriage through a set of instrumented linkages.  In the first experi- 

ment the relationship between M , ty,  F and y is compared with theory. 
z    y 

If these parameters are known, and all others are held constant, the 

forces at the contact points can be found and measured results compared 

with Kalker's theory.  F and ty  were chosen as the independent parameters. 

Once they are set M and y can be measured. 
z 

There are two choices for the force application point.  It can be 

applied at the geometric center of the wheelset or a distance R below it. 

• ••-•-- — ^^- ^~ 
--->••-•-—»—»—» - » ••* 
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The forces can be applied in wheelset axes or in rail axes. The choices 

for the force application point are shown below. 

v-r 

Points (1) and (2) correspond to the force application points: 

(1) A ' = (0, y",  Ro) 

(2) A " = (0, y",   0) 

c  = (0, L + y , R ) r      r      vr where L = £ + R, 
r      hr 

C£ = CO, L£ + y , Rv£) where L^ = - (A + R^) 

It is assumed that the roll angle is very small and that R * R - - R °       J o   v£   vr 

The above equations yield: 

Point CD    Rr" 
= cr " A " = (0' Lr' 0) 

A " - (0, L0> 0) 

Point (2)    Rr" = (0, Lr, Ryr) 

V - (0' Lr \l> 

The moment nt these points is calculated by 

• - - • --•-«--•«----»• ^^^^^^j^l^^^^^^^pa,MM,,,,^p^B^jM^,n ••» n • » ••->•• • . ' • • • • .;.-.»..'—>-• 
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fr " + If" x f  " + R " x P " = 0 
y    Ü £    r    r 

Using the first point eliminates the M " component whereas using the 

second gives a moment with three components.  Therefore, Point (1) will 

be used. 

From a data analysis standpoint, there is no reason to choose between 

the wheelset and rail axis systems. Therefore, the choice of axis system 

for the force application requires consideration of the implementation. 

If the forces are applied in the rail system, they have fixed directions 

with respect to the carriage and are easier to adjust.  If the forces are 

applied in the wheelset system, then the directions of the forces must 

follow the directions of the wheelset.  This choice has no effect in the 

static case but will influence the dynamic case.  In addition it is more 

likely that the rail system models the real case properly since the 

bulk motion of the car body is in the forward and lateral directions with 

respect to the rail system. 

Once the axis systems are defined we can write three force equations 

giving F ", F ", F  and two moment equations for M " and M " in terms of 

Frl' Fr2' Fr3' F£l' F£2' F13'    The ecluation of My" 
is not given readily 

since the bearings allow the wheels to rotate and no moment is transmitted. 

In order to find the sixth equation, we can follow two approaches. One is 

to assume that both wheels have the same forces acting on them.  This is 

only true for coned wheels.  The other approach is to measure the moment 

between the two wheels.  This is done by mounting strain gages along the 
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axle of the wheelset.  Referring to the drawing below, the equation is: 

M" = F"R    - F : Jl . 
y    xr vr   xx. vx 

z. 
V 

- 1 
KVT 

T 

This gives us the additional information necessary to complete the wheelset •• 

equations. After applying the appropriate transformations and making a 

small angle approximation for ty,  the equations are written as shown in 

Figure 11. 

Computational Method: 

A computational method has been proposed for use in experimental design 

and subsequent data analysis, shown schematically in Figure 12.  The method 

consists cf the following elements: 

a) Using wheel and rail profile data the dimenatic relationships 

between y and contact point, roll angle, rolling radii, and 

profile curvatures are determined [12]. 

b) Using Hertz contact theory, and estimating normal forces F_ in 

the left and right contact planes, the dimensions of the contact 

ellipse a, b are determined. 

c) Estimating axle speed Q, the relative velocities Yi. "Y?« a^d ui. 

are calculated.  From Kalker's theoi-y the lateral and tangential 

creep forces are computed. 

- - -  - •'--••  -•-•-•-•- . >. 
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d) Equilibrium in vertical plane passing through the wheelset axle 

determines forces F, (left and right). 

e) The forces F. and F in the contact planes are transformed using 

the (6 x 6) matrix to give forces and moments in the wheelset 

coordinate system. 

f) The estimated axle speed ft is iterated until M " is zero (by 

definition).  The normal forces F, are also iterated until their 

values converge. 

Experimental Parameters: 

Preset conditions for each run are: 

,+ 
a) V" Forward velocity 

b) * Yaw angle 

c) F + 

y 
Lateral force 

d) F + 
z 

Vertical force 

e) M + 
X 

Roll moment 

Measured variables are: 

f) y Lateral displacement 

g) 
* 

M 
y 

Axle twisting moment 

h) fl Axle speed 

i) M + 
z 

Yaw moment 

i) F + Towing force 

t« 

m 

In the computational process, variables a, b, d, and f are inputs; 

the remainder are calculated. 
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